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Abstract 
Life-history strategies vary dramatically between the sexes, which may drive divergence in sex-specific 
senescence and mortality rates. Telomeres are tandem nucleotide repeats that protect the ends of 
chromosomes from erosion during cell division. Telomeres have been implicated in senescence and 
mortality because they tend to shorten with stress, growth and age.We investigated age-specific telomere 
length in female and male red-sided garter snakes, Thamnophis sirtalis parietalis. We hypothesized that 
age-specific telomere length would differ between males and females given their divergent reproductive 
strategies. Male garter snakes emerge from hibernation with high levels of corticosterone, which 
facilitates energy mobilization to fuel mate-searching, courtship and mating behaviours during a two to 
four week aphagous breeding period at the den site. Conversely, females remain at the dens for only 
about 4 days and seem to invest more energy in growth and cellular maintenance, as they usually 
reproduce biennially. As male investment in reproduction involves a yearly bout of physiologically 
stressful activities, while females prioritize self-maintenance, we predicted male snakes would experience 
more age-specific telomere loss than females. We investigated this prediction using skeletochronology to 
determine the ages of individuals and qPCR to determine telomere length in a cross-sectional study. For 
both sexes, telomere length was positively related to body condition. Telomere length decreased with age 
in male garter snakes, but remained stable in female snakes. There was no correlation between telomere 
length and growth in either sex, suggesting that our results are a consequence of divergent selection on 
life histories of males and females. Different selection on the sexes may be the physiological 
consequence of the sexual dimorphism and mating system dynamics displayed by this species. 
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Life history strategies vary dramatically between the sexes, which may drive divergence in 27 
sex-specific senescence and mortality rates. Telomeres are tandem nucleotide repeats that 28 
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protect the ends of chromosomes from erosion during cell division. Telomeres have been 29 
implicated in senescence and mortality because they tend to shorten with stress, growth and 30 
age. We investigated age-specific telomere length in female and male red-sided garter 31 
snakes, Thamnophis sirtalis parietalis. We hypothesized that age-specific telomere length 32 
would differ between males and females given their divergent reproductive strategies. Male 33 
garter snakes emerge from hibernation with high levels of corticosterone, which facilitates 34 
energy mobilization to fuel mate-searching, courtship, and mating behaviours during a 2-4 35 
week aphagous breeding period at the den site. Conversely, females remain at the dens for 36 
only about four days and seem to invest more energy in growth and cellular maintenance, as 37 
they usually reproduce biennially. As male investment in reproduction involves a yearly bout 38 
of physiologically stressful activities, while females prioritise self-maintenance, we predicted 39 
male snakes would experience more age-specific telomere loss than females. We investigated 40 
this prediction using skeletochronology to determine the ages of individuals and qPCR to 41 
determine telomere length in a cross-sectional study. For both sexes, telomere length was 42 
positively related to body condition. Telomere length decreased with age in male garter 43 
snakes, but remained stable in female snakes. There was no correlation between telomere 44 
length and growth in either sex, suggesting that our results are a consequence of divergent 45 
selection on life histories of males and females. Different selection on the sexes may be the 46 
physiological consequence of the sexual dimorphism and mating system dynamics displayed 47 
by this species.  48 
 49 
Keywords: telomeres, condition, life history strategies, sex-differences, reptile 50 
Introduction 51 
Life history strategies vary widely both between and within species. Such strategies 52 
describe how limited resources are used and prioritised [1, 2], generating trade-offs between 53 
different physiological processes that mediate growth, reproduction and survival [3-5]. For 54 
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example, organisms that “live fast” are characterised by rapid growth and maturation, and 55 
high reproductive output, but age more quickly and have short lifespans [6, 7]. Conversely, 56 
organisms that “live slow” grow and mature more gradually and have lower reproductive 57 
output, but age more slowly and have longer life spans [6, 7]. Reproduction-longevity trade-58 
offs are often difficult to detect within a population due to condition-mediated positive 59 
correlations between natural history traits [8, 9]. However, there should be a link between 60 
condition, cellular maintenance and aging.  Body condition reflects the efficient collection, 61 
assimilation and deployment of resources and depends on the individual’s capacity to cope 62 
with handicaps like infection, injury, parasitism and environmental stress throughout 63 
ontogeny [10-15].  64 
As long-lived organisms age, they tend to experience reduced survival and 65 
reproductive output that may be mediated by condition [16, but see, 17]. One mechanism 66 
linking differences in life histories, lifespans and aging appears to be variation in telomere 67 
dynamics [18-20]. Telomeres are hexameric tandem repeat sequences of 5’-TTAGGG-3’ at 68 
the ends of chromosomes that typically shorten over the life of an organism due to repeated 69 
cellular divisions and damage caused by reactive oxygen species [ROS; 21, 22]. Among 70 
species, telomere dynamics may covary with life history strategies [23, 24], and the rate of 71 
telomere attrition correlates with lifespan [18, 25]. However, it is unclear whether short 72 
telomeres cause death or whether they are correlated with some other mechanism of 73 
senescence [19, 26, 27]. Body condition indices (BCI: body mass controlled for structural 74 
length) may be a useful measurement of somatic maintenance that is associated with longer 75 
telomeres [e.g., 28].   76 
Interspecific differences in telomere attrition are likely due to prioritising cellular 77 
maintenance (e.g., DNA-repair) over other cellular functions [29, 30], as autosomal mutations 78 
are negatively correlated with lifespan [mammals, 31]. DNA damage can lead to mutations, 79 
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telomere loss, and cellular senescence; thus, the maintenance of the genome likely explains 80 
telomere length stability in longer lived organisms [32, 33].  To date, most studies of 81 
telomere dynamics and life history strategies have focused on interspecific comparisons [18, 82 
20, 23, 26]. While these studies have yielded insight into telomere dynamics, elucidating the 83 
mechanisms underlying the observed trends is complicated by genetic variation between 84 
species. Studying organisms that exhibit intraspecific differences in reproductive tactics 85 
and/or life history strategies provides a natural experimental scenario to study telomere 86 
dynamics while minimising the noise of interspecific genetic variation. For example, females 87 
and males often exhibit sex-related differences in reproductive strategies and sexual selection 88 
[34-38], which may result in sex-specific telomere dynamics [25, 39-41]. Thus, we sought to 89 
investigate telomere dynamics in a highly dimorphic species with well-characterised life 90 
history and reproductive strategies: the red-sided garter snake, Thamnophis sirtalis parietalis 91 
(a non-venomous colubrid).  92 
Red-sided garter snakes are sexually dimorphic with respect to body size, with 93 
females growing approximately 30% longer, on average, than males. [42]. In the Interlake 94 
populations of Manitoba, Canada, red-sided garter snakes hibernate for eight months in 95 
communal dens and emerge en masse in spring, to form large aggregations where males 96 
scramble to locate and mate with females [43, 44].  Mating activity at the dens lasts ~6 weeks 97 
from late April through May [45] with some males mate-searching and courting for two to 98 
four weeks [43, 46, 47].  99 
During the spring breeding season, male garter snakes are aphagous and have 100 
relatively high levels of corticosterone [48-52]. Courtship and copulatory plug production are 101 
energetically expensive [44, 53, 54], and males may lose 10% of body mass during two 102 
weeks of mate-searching, courtship and mating [46, 52]. In other species, physiological stress 103 
and fasting lead to increased ROS production, the depletion of endogenous antioxidants, and 104 
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increased cellular damage and senescence [55-63]. One of the hallmarks of male aging is 105 
poor sperm performance, which is strongly influenced by oxidative and other physiological 106 
stressors [reviewed in 64]. Indeed, larger [and therefore older,  65] male red-sided garter 107 
snakes have poorer sperm performance than smaller males [66], suggesting that these males 108 
undergo senescence in the wild. 109 
In contrast to males, female garter snakes seem to prioritise growth and maintenance 110 
over short-term reproductive success. Females reach sexual maturity at three years of age, 111 
while males are sexually mature at one or two years [67]. Most females mate every year 112 
before migrating to feeding grounds [68], but they reproduce only when they have acquired 113 
sufficient body mass or “capital”, which is typically every other year [69, 70].  Like most 114 
snakes, female garter snakes do not provide post-natal parental care [71]. Furthermore, 115 
female fecundity increases with body length [72-74] and, presumably, also with age because 116 
snakes exhibit indeterminate growth [65]. Biennial reproduction and increasing reproductive 117 
fitness with age may generate selection on increased cellular maintenance, body condition, 118 
and growth in females. In this species, body condition is positively correlated with fat mass 119 
(Uhrig et al. unpublished data). With such life history variation between the sexes, the red-120 
sided garter snake is an exceptional model for investigating how different reproductive 121 
strategies and telomere dynamics interact, while minimising the genetic variance that makes 122 
interspecific studies difficult to interpret.  123 
We hypothesized that the sex-specific reproductive strategies of red-sided garter 124 
snakes would be associated with differences in age-related declines in telomere lengths. This 125 
study aims to determine: i) the relationship between body condition, telomere length and age 126 
in garter snakes, and ii) whether this relationship differs with sex. We predict that male garter 127 
snakes will experience greater telomeric attrition with age than females, due to the much 128 
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more intense reproductive investment in males. Furthermore, if females are investing more in 129 
somatic maintenance than males, we expect females will maintain better body condition. 130 
 131 
Materials and methods 132 
 133 
At the peak of breeding season (May 10, 2015), we collected an excess of snakes by hand 134 
from mating aggregations with the aim to collect the full range of body lengths found at our 135 
Inwood, Manitoba study site (males: N = 100; females: N = 50). We transported snakes to 136 
Chatfield research station, 16 km away, where they were weighed (±0.01g) and measured for 137 
snout-vent length (SVL: ±1mm) where we culled our sample to ensure an equal distribution 138 
of sizes for each sex. We selected the 4 longest and 4 shortest animals of each sex and an 139 
even distribution of intermediate sizes, obtaining a final sample of 42 males and 30 females 140 
(see FIGURE 1a), the remaining 78 animals were returned to the point of capture the next 141 
day. All animals were adults; juveniles are only rarely found at den sites [RTM > 25 years of 142 
pers. obs.; 43, 72]. Blood (<0.1mL) for telomere analysis was taken from the caudal vein, 143 
added to 300 µL of RNAlater and frozen (-30˚C) until DNA extraction. Approximately 1cm 144 
of Tails tissue was collected for skeletochronological aging; see expanded methods in 145 
supplemental document 1 for more details.  146 
Skeletochronology/Histology 147 
Individual age was estimated by a modified version of the technique described by Waye and 148 
Gregory [76, 1999] and Clesson, Bautista [77].  Vertebrae were examined microscopically 149 
and the number of growth rings was identified for each animal; see supplement for more 150 
details.  151 
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Quantifying telomere length 152 
Telomere length was measured using real-time quantitative PCR (qPCR) as we have done 153 
previously [78] using the 18S ribosomal RNA (18S) gene as the non-variable in copy number 154 
reference gene [78-80]; see supplement more details.  155 
Statistical analyses 156 
 157 
We calculated two measures of body condition indices (BCI). In both cases BCI is the 158 
standardized residuals (mean = 0; standard deviation =1) from linear regressions of ln(body 159 
mass) as a function of ln(SVL) [81].  We ran this linear regression model once with males 160 
and females pooled, and it was clear that females had much higher BCI than males. 161 
Therefore, it was more biologically relevant to generate BCI for each sex separately using a 162 
separate regression model for each sex, thus creating BCI specific for each sex (ssBCI) to 163 
account for differences in allometry [81]. Growth was calculated as size (SVL)/age. Visual 164 
inspection of regression plots for male telomere length given age suggested a curvilinear 165 
relationship as has been described in many taxa, including squamate reptiles [26, 40, 82-85], 166 
and F-tests we used to formally test the goodness of fit for first-order versus quadratic 167 
regressions. We used ANCOVA to test for age-specific sex differences in telomere length 168 
and body condition. When we found a significant sex by age interaction we used the Johnson-169 
Neyman (J-N) procedure to determine ages where the sexes differed in condition [86]. All 170 
analyses were conducted in SigmaPlot 13.0, except the J-N procedure which was conducted 171 
in MS Excel on the spreadsheet provided as a supplement in White [86]. See supplement for 172 
more details. 173 
Results 174 
 175 
Skeletochronology, size and body condition 176 
Age and sex predicted body size (SVL): older animals were longer and females were 177 
significantly longer than males of the same age (ANCOVA: Sex x Age P = 0.487 (dropped 178 
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from model): R2 = 0.366; Age: F1,69 = 14.636, P < 0.001; Sex: F1,69 = 16.569, P < 0.001; 179 
FIGURE 1a). The shape of the age distributions was not different between the sexes 180 
(Kolmogorov-Smirnov test: D = 0.205, P = 0.412) and females in our sample were 181 
significantly older than males (F1,70 = 6.384, P = 0.014; mean (range), Females: 4.3 y (2-9 y); 182 
Males: 3.5 y (2-6 y)). There was a significant Sex x Age interaction on BCI (ANCOVA: R2 = 183 
0.542; Age: F1,69 = 5.403, P = 0.023; Sex: F1,69 = 0.003, P =0.953; Sex x Age F1,69 = 8.695, P 184 
= 0.004), suggesting that females and males differentially maintain body condition as they 185 
age. Because of the significant Sex x Age interaction, we computed the region of non-186 
significance for the age-effect on BCI between the sexes (-8.454 to 2.029 yrs) using the 187 
Johnson-Neyman procedure [86]. This approach demonstrates that BCI differed between the 188 
sexes at ages greater than 2.03 years, which included most of the snakes in this sample 189 
(FIGURE 1b; note age values < 0 are meaningless and omitted from the figure). Given the 190 
profound sex-differences in body condition, we recalculated BCI for each sex with separate 191 
regressions (i.e., “sex-specific” BCI) and reran the analysis. We still found a significant Sex x 192 
Age interaction (P = 0.023), which revealed that sex-specific body condition tends to increase 193 
with age in females, but decreases with age in males (Supplemental Figure 2).  We used this 194 
sex-specific BCI (ssBCI) to explore the relationship between body condition and telomere 195 
length in further analyses.  196 
Telomere length and age 197 
Telomere length was shorter in males than females (F1,70 = 7.288, P = 0.009) . The 198 
relationship between telomere length and age was different for males and females. Age did 199 
not predict telomere length in females (Females: simple linear regression R2 = 0.000, F1,29 = 200 
0.005, P = 0.945: quadratic regression; R2 = 0.000, F2,28 = 0.050, P = 0.951; FIGURE2a). 201 
However, in males, telomeres shorten with age, a relationship better fit by quadratic 202 
regression than linear regression (test of first order = null hypothesis vs quadratic:  F2,41 = 203 
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5.538, P = 0.024: simple linear regression: R2 = 0.108, F1,41 = 4.856, P =0.033; quadratic 204 
regression: R2 = 0.219, F2,39 = 5.472, P =0.008; FIGURE 2b).  205 
 206 
Telomere length, body size and growth 207 
Although age and SVL were directly related in both sexes (see above), SVL and telomere 208 
length were not related (ANCOVA Sex x SVL P = 0.538 (dropped interaction): R2 = 0.095; 209 
Sex: F1,69 = 5.900, P = 0.018; SVL: F1,69 = 0.057, P = 0.813). Separate analyses to test for a 210 
quadratic relationship, as was found in males for age and telomere length, showed no 211 
evidence for a relationship between SVL and telomere length in either sex (Females P = 212 
0.200; Males P = 0.229). Finally, growth (size/age) was not significantly associated with 213 
telomere length (either SVL/age: R2 = 0.052, P = 0.085; residual SVL given age: R2= 0.031, 214 
P = 0.137; or sex-specific residual SVL given age: R2= 0.001, P = 0.766). 215 
 216 
Telomere length and body condition 217 
Sex-specific body condition (ssBCI) and blood telomere length were positively correlated 218 
(R2= 0.131, F1,70 = 10.564, P = 0.002), and, although females had higher ssBCI than males, 219 
the relationship between ssBCI and telomere length was the same for both sexes (ANCOVA 220 
Sex x ssBCI: P = 0.510 (dropped interaction): R2 = 0.145; Sex: F1,69 = 7.601, P = 0.007; 221 
ssBCI: F1,69 = 4.005, P = 0.049, FIGURE 3). 222 
Discussion 223 
Sex differences in aging may result from sex-specific optimization of investment to 224 
reproduction and somatic maintenance in response to the challenges of different life history 225 
strategies between the sexes. We have shown that body condition positively correlates with 226 
telomere length in both sexes of red-sided garter snakes, which supports our assertion that 227 
body condition is an intuitive measure of somatic investment. However, the relationship 228 
between body condition and age differed strikingly between sexes, with females maintaining 229 
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their body condition with age, while condition decreased with age in males. Likewise, 230 
telomeres were exponentially shorter in older male garter snakes, while the telomere lengths 231 
of females are independent of age. Non-linear relationships between telomere length and age 232 
have been shown in several taxa [e.g., 82, 85], and is consistent with an exacerbating cycle of 233 
cellular damage and increased dysfunction seen in aging humans [87]. Females had the 234 
longest telomeres and were the oldest individuals in our sample, suggesting they live longer 235 
than males in this population. These results support our prediction that males experience 236 
greater telomere loss with age due to prioritisation of current reproduction over cellular 237 
maintenance and longevity. Overall, the decrease in both body condition and telomere length 238 
in males with age suggests that they senesce at an earlier age than females.  239 
Telomere shortening has been implicated as a cost of reproduction in several species.  240 
For example, in blue tits (Cyanistes caeruleus), when brood size was experimentally 241 
increased, parents experienced a decrease in blood telomere length, with males suffering from 242 
greater telomere loss than females [88]. Relative reproductive success seems to result in 243 
greater telomere attrition in common terns (Sterna hirundo) [89]. For both male and female 244 
Atlantic silversides (Menidia menidia), gonadal somatic index (GSI: gonad mass relative to 245 
total body mass) was negatively correlated with telomere length and lifespan [90]. These 246 
studies suggest increased reproductive investment comes at a cost of telomere attrition.  247 
Studies of telomere dynamics are rare in reptiles and only two reports on snakes. 248 
Bronikowski [91] reported telomere lengths for male wandering garter snakes (Thamnophis 249 
elegans). Wandering garter snakes are an interesting species for studying telomere dynamics 250 
because, in the mountains of Northern California there are two eco-types with very different 251 
life-histories: one short lived “meadow” eco-type and a long-lived “lakeshore” eco-type [92-252 
94]. As in our study, Bronikowski [91] showed declining telomere length with male age (up 253 
to 12 years of age, based on skeletochronology), but was unable to find among eco-type 254 
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differences, and did not report telomere lengths for females. In water pythons (Liasis fuscus) 255 
of Northern Territory, Australia,  females have longer telomeres than males [83], similar to 256 
our study. Furthermore, telomere length increased from hatching to four years of age, but 257 
declined very slightly with age in both sexes up to 18 years of age [83].  258 
Why might selection on telomere dynamics differ between male and female garter snakes?  259 
Our study is observational and cross-sectional, so our causal interpretation of the sex-260 
specific differences in the relationship between age and telomere length is necessarily 261 
tentative. In Manitoba’s Interlake region, winter temperatures often hover around -40˚C for 262 
weeks and, since snow provides insulation from the cold, there are likely cryptic mass 263 
fatalities deep within dens during years of light snowfall [72].  The snakes’ brief three to four 264 
month active season begins and ends with chance freezes and floods that lead to mass 265 
mortality events that are likely to generate selection on rapid growth and early maturity in 266 
both sexes [72, 95]. Mortality due to these stochastic events is usually not consistently biased 267 
toward either sex and adult sex-ratio is 1:1 [43, 72, 95]. Predation and road kills are not sex 268 
biased either [95]. However, a mass mortality event could differentially affect size classes 269 
among sexes. For example, a winterkill event in 1998-1999 shifted the size distribution 270 
toward smaller animals in subsequent years in both sexes, but the largest females were most 271 
strongly affected [95]. Small males, and to a lesser extent large females, are more likely to be 272 
trapped and suffocate in large mating aggregations (> 500 animals) [96]. Such events could 273 
cull a size class or spare only old females with the longest telomeres, generating results 274 
similar to ours. Nevertheless, we have not witnessed similar events in our yearly visits since 275 
1999, thus other explanations may better fit our results. 276 
Males engage in energetically expensive reproductive behaviour annually, while most 277 
females generally reproduce biennially. Although male size affects mating success when a 278 
single pair of males competes for copulation, the effect is small to non-existent in the largest 279 
aggregations at the den sites, reducing selection for increased male size [97, 98]. The largest 280 
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females, however, are able to reproduce annually, leading to greater fecundity and generating 281 
higher selection on female growth and longevity [72-74, 99]. Females in Interlake 282 
populations seem to have higher reproductive output given female size than populations 283 
farther south in less harsh climates with longer feeding/growth seasons [72, 100]. Therefore, 284 
selection on cellular maintenance and longevity are likely to be stronger in females than 285 
males because the costly mechanisms that prevent telomere loss are balanced by increasing 286 
fecundity with age and size in females, but have fewer benefits for males.  287 
What physiological mechanisms might explain sex-specific telomere attrition?  288 
We do not know the specific mechanisms that lead to sex-differences in telomere 289 
length, but there are several non-mutually exclusive hypotheses to explain our results. For 290 
these ectotherms, body temperature and metabolic rate are very low during winter brumation 291 
[~1°C  101] and only rise in late April when the ground warms. Both sexes enter winter 292 
hibernacula at the same time [72], but males, on average, emerge earlier than most females. 293 
Therefore, body temperature and metabolic rate will be lower, for slightly longer, in females 294 
than males. Lower body temperature associated with torpor is correlated with positive effects 295 
on telomere length and somatic maintenance in some mammals [e.g., 102].  296 
High levels of corticosterone experienced by males during the mating season [51] 297 
may increase metabolism, but also may increase mitochondrial ROS production, DNA 298 
damage, and telomere erosion [33, 58, 103, 104]. The high energetic demands of courtship 299 
and mating of aphagous males [53] likely limits the resources that can be allocated to DNA 300 
repair mechanisms, limiting the chance for telomere repair [105]. For example, as the 301 
increased male-male competition among male rhesus macaques (Macaca mulatta), is 302 
correlated with DNA oxidative damage (8-OHdG) and shorter lifespan [59]. In red-sided 303 
garter snakes, the energy for antioxidant synthesis, DNA repair and telomere maintenance is 304 
limited by male fasting [29, 56, 57, 61, 106]. Fasting itself may increase oxidative stress [55, 305 
60, 62, 63]. Fasting increases the generation of mitochondrial ROS and lipid peroxidation in 306 
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rats (Rattus norvegicus) [63]. Fasting male northern elephant seals (Mirounga angustirostris) 307 
exhibit increased oxidative damage to DNA and lipids [60]. Given the stochastic mortality, 308 
weak sexual selection on male size, and oxidative stress induced by during energetically 309 
costly courtship and mating while fasting, selection to mitigate damage by ROS via 310 
investment in cellular maintenance and growth may be weak in male red-sided garter snakes. 311 
Weak selection for enhanced cellular maintenance might explain both the reduction of body 312 
condition and telomere length with age. This may be the consequence of selection for a live 313 
fast, die young strategy in males.  314 
Females were in better body condition than males in our study, which generally 315 
indicates they have larger energy stores than males [107]. In brown tree snakes, Boiga 316 
irregularis, this additional energy reserve correlates with lower levels of corticosterone [108], 317 
potentially leading to lower stress overall and more stable telomere length [30, 109].  318 
Furthermore, having greater energy reserves may allow for greater expenditure on 319 
antioxidants and cellular repair. Species of snakes that live longer are capable of producing a 320 
stronger response to DNA damage by activating repair mechanisms and experience lower 321 
levels of mitochondrial reactive oxygen species, which presumably generates less oxidative 322 
damage to DNA [91, 110]. We show that female T. sirtalis parietalis have a greater lifespan 323 
than males and may potentially use mechanisms similar to those of other snakes to maintain 324 
genome stability and telomere length. The underlying mechanisms causing the sexual 325 
dimorphism may provide explanations for sex-specific differences in telomere length.  326 
Sexual size dimorphism varies greatly across taxa, and trends associated with 327 
dimorphism, lifespan, and telomere attrition are not consistent [25, 111]. For garter snakes, 328 
the difference in size between males and females seems to be controlled by testicular 329 
androgens suppressing growth in males [112]. Testosterone can reduce cellular resistance to 330 
free radicals [113], leading to increased DNA damage and telomeric attrition [20, 114]. In the 331 
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closely related red-spotted garter snake, Thamnophis sirtalis concinnus, females treated with 332 
an estrogen receptor antagonist, tamoxifen, experienced a decrease in growth rate [115], 333 
suggesting that estrogen plays a role in the sexual size dimorphism observed in T. sirtalis 334 
parietalis. Estrogens act as antioxidants and/or stimulate endogenous antioxidant and cellular 335 
repair mechanisms [116-118] potentially reducing ROS and leading to the telomeric stability 336 
observed in the present study and in females across other taxa [25, 40]. The most 337 
energetically demanding component of reproduction for female garter snakes is the 338 
production of yolk proteins (i.e., vitellogenesis) [119]. There is evidence that the yolk protein, 339 
vitellogenin, may act as an antioxidant, [120-124] reducing DNA damage, telomere attrition, 340 
and cellular senescence at a time when cellular respiration and ROS production are highest. 341 
Thus, selection acting on the mechanisms that increase female growth and provisioning of 342 
offspring seem to also favour antioxidant production, a reduction in oxidative stress, and 343 
cellular repair involved in slowing the aging process.  344 
In the current cross-sectional study, we investigated differences in telomeres within a 345 
single species. We found that telomere dynamics are strongly linked with sex and therefore 346 
life history strategies. Sex-specific telomere dynamics may be tightly linked to selection on 347 
males for early reproduction and costs associated with yearly energetic investment in 348 
courtship and mating while fasting. In contrast, females have biennial reproduction and 349 
investment in somatic maintenance has a fitness payoff of greater fecundity with increasing 350 
size later in life. Future studies should include longitudinal data, increased sampling of the 351 
largest size classes, the measurement of telomerase activity, general DNA damage, and 352 
antioxidant production throughout the entire active season, to assess our hypothesis that 353 
females live longer by investing more in cellular maintenance and repair than males.  354 
Acknowledgements 355 
We thank Dave Roberts (Manitoba Dept. of Natural Resources) for logistical support, the 356 
residents of Chatfield, MB (especially the Johnson Family) for encouragement. E. Bentz and 357 
15 
 
L. Blakemore for help with animal collection. This material is based in part upon work 358 
supported by the National Science Foundation [DBI-1308394 to CRF] and University of 359 
Sydney [Animal and Veterinary Biosciences Fellowship to CMW], University of Minnesota 360 
Morris Division of Science and Mathematics [to HLW]. We would like to thank Hope Klug 361 
and two anonymous reviewers for helpful and sagacious comments on an earlier draft of this 362 
manuscript.  363 
Ethics Statement 364 
Procedures performed on animals were approved by Oregon State University [IACUC 365 
ACUP-4317 and the research was conducted under permit from Manitoba Conservation 366 
[WB16264]. 367 
Data accessibility 368 
Has been uploaded to Dryad  369 
Competing interests statement 370 
The authors declare they have no competing interests 371 
Authors’ contributions statement 372 
All authors made significant intellectual and material contributions to this paper. 373 




1. Stearns S.C. 1976 Life history tactics a review of the ideas. Q Rev Biol 51(1), 3-47. 376 
(doi:10.1086/409052). 377 
2. Roff D. 2002 Life history evolution. Sunderland, Mass, Sinauer Associates. 378 
3. Stearns S.C. 1989 Trade-offs in life-history evolution. Funct Ecol 3(3), 259-268. 379 
(doi:10.2307/2389364). 380 
4. Van Noordwijk A.J., Dejong G. 1986 Acquisition and allocation of resources : Their 381 
influence on variation in life-history tactics. Am Nat 128(1), 137-142. (doi:10.1086/284547). 382 
5. Beaulieu M., Geiger R.E., Reim E., Zielke L., Fischer K. 2015 Reproduction alters oxidative 383 
status when it is traded‐off against longevity. Evolution 69(7), 1786-1796. (doi:10.1111/evo.12697). 384 
6. Ricklefs R.E., Wikelski M. 2002 The physiology/life-history nexus. Trends Ecol Evol 17(10), 385 
462-468. (doi:10.1016/S0169-5347(02)02578-8). 386 
7. Promislow D.E.L., Harvey P.H. 1990 Living fast and dying young: A comparative analysis of 387 
life-history variation among mammals. J Zool 220(3), 417-437. (doi:10.1111/j.1469-388 
7998.1990.tb04316.x). 389 
8. Van Noordwijk A.J., de Jong G. 1986 Acquisition and allocation of resources: their influence 390 
on variation in life history tactics. Am Nat 128(1), 137-142. 391 
9. Olsson M., Shine R., Wapstra E. 2001 Costs of reproduction in a lizard species: a comparison 392 
of observational and experimental data. Oikos 93(1), 121-125. 393 
10. Andersson M. 1982 Sexual selection, natural selection and quality advertisement. Biol J Linn 394 
Soc 17(4), 375-393. 395 
11. Folstad I., Karter A.J. 1992 Parasites, bright males, and the immunocompetence handicap. Am 396 
Nat 139(3), 603-622. 397 
12. Hamilton W.D., Zuk M. 1982 Heritable true fitness and bright birds: a role for parasites? 398 
Science 218(4570), 384-387. 399 
13. Rowe L., Houle D. 1996 The lek paradox and the capture of genetic variance by condition 400 
dependent traits. Proceedings of the Royal Society of London B: Biological Sciences 263(1375), 1415-401 
1421. 402 
14. Hill G.E. 2011 Condition‐dependent traits as signals of the functionality of vital cellular 403 
processes. Ecol Lett 14(7), 625-634. 404 
15. Zahavi A. 1975 Mate selection—a selection for a handicap. J Theor Biol 53(1), 205-214. 405 
16. Nussey D.H., Froy H., Lemaitre J.-F., Gaillard J.-M., Austad S.N. 2013 Senescence in natural 406 
populations of animals: Widespread evidence and its implications for bio-gerontology. Ageing 407 
Research Reviews 12(1), 214-225. (doi:10.1016/j.arr.2012.07.004). 408 
17. Bouwhuis S., Choquet R., Sheldon B.C., Verhulst S. 2012 The forms and fitness cost of 409 
senescence: age-specific recapture, survival, reproduction, and reproductive value in a wild bird 410 
population. Am Nat 179(1), E15-E27. (doi:10.1086/663194). 411 
18. Dantzer B., Fletcher Q.E. 2015 Telomeres shorten more slowly in slow-aging wild animals 412 
than in fast-aging ones. Experimental gerontology 71, 38-47. (doi:10.1016/j.exger.2015.08.012). 413 
19. Barrett E.L.B., Burke T.A., Hammers M., Komdeur J., Richardson D.S. 2013 Telomere 414 
length and dynamics predict mortality in a wild longitudinal study. Mol Ecol 22(1), 249-259. 415 
(doi:10.1111/mec.12110). 416 
20. Monaghan P. 2010 Telomeres and life histories: The long and the short of it. Ann N Y Acad 417 
Sci 1206(1), 130-142. (doi:10.1111/j.1749-6632.2010.05705.x). 418 
21. Liu J.P. 2014 Molecular mechanisms of ageing and related diseases. Clin Exp Pharmacol 419 
Physiol 41(7), 445-458. (doi:10.1111/1440-1681.12247). 420 
22. Ludlow A.T., Spangenburg E.E., Chin E.R., Cheng W.H., Roth S.M. 2014 Telomeres shorten 421 
in response to oxidative stress in mouse skeletal muscle fibers. Journals of Gerontology Series A: 422 
Biological Sciences and Medical Sciences 69(7), 821-830. (doi:10.1093/gerona/glt211). 423 
23. Gomes N.M.V., Shay J.W., Wright W.E. 2010 Telomere biology in Metazoa. FEBS Lett 424 
584(17), 3741-3751. (doi:10.1016/j.febslet.2010.07.031). 425 
24. Blackburn E.H., Gall J.G. 1978 A tandemly repeated sequence at the termini of the 426 




25. Barrett E.L.B., Richardson D.S. 2011 Sex differences in telomeres and lifespan. Aging Cell 429 
10(6), 913-921. (doi:10.1111/j.1474-9726.2011.00741.x). 430 
26. Haussmann M.F., Winkler D.W., O'Reilly K.M., Huntington C.E., Nisbet I.C.T., Vleck C.M. 431 
2003 Telomeres shorten more slowly in long-lived birds and mammals than in short-lived ones. Proc 432 
R Soc B 270(1522), 1387-1392. (doi:10.1098/rspb.2003.2385). 433 
27. Ziegler D.V., Wiley C.D., Velarde M.C. 2015 Mitochondrial effectors of cellular senescence: 434 
beyond the free radical theory of aging. Aging Cell 14(1), 1-7. (doi:10.1111/acel.12287). 435 
28. Barrett E.L., Burke T.A., Hammers M., Komdeur J., Richardson D.S. 2013 Telomere length 436 
and dynamics predict mortality in a wild longitudinal study. Mol Ecol 22(1), 249-259. 437 
29. Finkel T., Holbrook N.J. 2000 Oxidants, oxidative stress and the biology of ageing. Nature 438 
408(6809), 239-247. (doi:10.1038/35041687). 439 
30. Monaghan P. 2014 Organismal stress, telomeres and life histories. J Exp Biol 217(1), 57-66. 440 
(doi:10.1242/jeb.090043). 441 
31. Sayres M.A.W., Venditti C., Pagel M., Makova K.D. 2011 Do variations in substitution rates 442 
and male mutation bias correlate with life-history traits? A study of 32 mammalian genomes. 443 
Evolution 65(10), 2800-2815. (doi:10.1111/j.1558-5646.2011.01337.x). 444 
32. Chen J.-H., Hales C.N., Ozanne S.E. 2007 DNA damage, cellular senescence and organismal 445 
ageing: causal or correlative? Nucleic Acids Res 35(22), 7417-7428. (doi:10.1093/nar/gkm681). 446 
33. von Zglinicki T. 2002 Oxidative stress shortens telomeres. Trends Biochem Sci 27(7), 339-447 
344. (doi:10.1016/s0968-0004(02)02110-2). 448 
34. Cox R.M., Butler M.A., John-Alder H.B. 2007 The evolution of sexual size dimorphism in 449 
reptiles. In Sex, Size and Gender Roles: Evolutionary Studies of Sexual Size Dimorphism (eds. 450 
Fairbairn D.J., Blanckenhorn W.U., Székely T.), pp. 38-49. Oxford; New York, Oxford University 451 
Press. 452 
35. Shine R. 1994 Sexual size dimorphism in snakes revisited. Copeia (2), 326-346. 453 
36. Fairbairn D.J., Blanckenhorn W.U., Székely T. 2007 Sex, size, and gender roles: 454 
Evolutionary studies of sexual size dimorphism, Oxford University Press Oxford. 455 
37. Lande R. 1980 Sexual dimorphism, sexual selection, and adaptation in polygenic characters. 456 
Evolution 34(2), 292-305. (doi:10.2307/2407393). 457 
38. Arnqvist G., Rowe L. 2005 Sexual Conflict. Princeton, New Jersey, Princeton University 458 
Press. 459 
39. Gardner M., Bann D., Wiley L., Cooper R., Hardy R., Nitsch D., Martin-Ruiz C., Shiels P., 460 
Sayer A.A., Barbieri M., et al. 2014 Gender and telomere length: Systematic review and meta-461 
analysis. Experimental Gerontology 51, 15-27. (doi:10.1016/j.exger.2013.12.004). 462 
40. Olsson M., Pauliny A., Wapstra E., Uller T., Schwartz T., Miller E., Blomqvist D. 2011 463 
Sexual differences in telomere selection in the wild. Mol Ecol 20(10), 2085-2099. 464 
(doi:10.1111/j.1365-294x.2011.05085.x). 465 
41. Olsson M., Pauliny A., Wapstra E., Uller T., Schwartz T., Blomqvist D. 2011 Sex differences 466 
in sand lizard telomere inheritance: Paternal epigenetic effects increases telomere heritability and 467 
offspring survival. PLoS ONE 6(4), e17473. (doi:10.1371/journal.pone.0017473). 468 
42. Shine R., Phillips B., Waye H., LeMaster M., Mason R.T. 2003 Chemosensory cues allow 469 
courting male garter snakes to assess body length and body condition of potential mates. Behav Ecol 470 
Sociobiol 54(2), 162-166. (doi:10.1007/s00265-003-0620-5). 471 
43. Gregory P.T. 1974 Patterns of spring emergence of red-sided garter snake (Thamnophis 472 
sirtalis parietalis) in the Interlake region of Manitoba. Can J Zool 52(8), 1063-1069. 473 
(doi:10.1139/z74-141). 474 
44. Shine R., Mason R.T. 2005 Do a male garter snake's energy stores limit his reproductive 475 
effort? Can J Zool 83(10), 1265-1270. (doi:10.1139/z05-119). 476 
45. Aleksiuk M., Gregory P.T. 1974 Regulation of seasonal mating behavior in Thamnophis 477 
sirtalis parietalis Copeia (3), 681-689. (doi:10.2307/1442681). 478 
46. Shine R., Elphick M.J., Harlow P.S., Moore I.T., LeMaster M.P., Mason R.T. 2001 479 
Movements, mating, and dispersal of red-sided gartersnakes (Thamnophis sirtalis parietalis) from a 480 




47. Shine R., Langkilde T., Wall M., Mason R.T. 2006 Temporal dynamics of emergence and 483 
dispersal of garter snakes from a communal den in Manitoba. Wildl Res 33(2), 103-111. 484 
(doi:10.1071/wr05030). 485 
48. Krohmer R.W., Grassman M., Crews D. 1987 Annual reproductive cycle in the male red-486 
sided garter snake, Thamnophis sirtalis parietalis: Field and laboratory studies. Gen Comp Endocrinol 487 
68(1), 64-75. (doi:10.1016/0016-6480(87)90061-x). 488 
49. Moore I.T., Lemaster M.P., Mason R.T. 2000 Behavioural and hormonal responses to capture 489 
stress in the male red-sided garter snake, Thamnophis sirtalis parietalis. Anim Behav 59(3), 529-534. 490 
(doi:10.1006/anbe.1999.1344). 491 
50. Dayger C.A., Lutterschmidt D.I. 2016 Seasonal and sex differences in responsiveness to 492 
adrenocorticotropic hormone contribute to stress response plasticity in red-sided garter snakes 493 
(Thamnophis sirtalis parietalis). J Exp Biol 219(7), 1022-1030. (doi:10.1242/jeb.130450). 494 
51. Cease A.J., Lutterschmidt D.I., Mason R.T. 2007 Corticosterone and the transition from 495 
courtship behavior to dispersal in male red-sided garter snakes (Thamnophis sirtalis parietalis). Gen 496 
Comp Endocrinol 150(1), 124-131. (doi:10.1016/j.ygcen.2006.07.022). 497 
52. O'Donnell R.P., Shine R., Mason R.T. 2004 Seasonal anorexia in the male red-sided garter 498 
snake, Thamnophis sirtalis parietalis. Behav Ecol Sociobiol 56(5), 413-419. (doi:10.1007/s00265-499 
004-0801-x). 500 
53. Friesen C.R., Powers D.R., Copenhaver P.E., Mason R.T. 2015 Size dependence in non-501 
sperm ejaculate production is reflected in daily energy expenditure and resting metabolic rate. J Exp 502 
Biol 218(9), 1410-1418. (doi:10.1242/jeb.125575). 503 
54. Shine R., Langkilde T., Mason R.T. 2004 Courtship tactics in garter snakes: How do a male's 504 
morphology and behaviour influence his mating success? Anim Behav 67(3), 477-483. 505 
(doi:10.1016/j.anbehav.2003.05.007). 506 
55. Pascual P., Pedrajas J.R., Toribio F., López-Barea J., Peinado J. 2003 Effect of food 507 
deprivation on oxidative stress biomarkers in fish (Sparus aurata). Chem-Biol Interact 145(2), 191-508 
199. (doi:10.1016/S0009-2797(03)00002-4). 509 
56. Morales A.E., Pérez‐Jiménez A., Furné M., Guderley H. 2012 Starvation, energetics, and 510 
antioxidant defenses. In Oxidative Stress in Aquatic Ecosystems (eds. Abele D., Vázquez-Medina J.P., 511 
Zenteno-Savín T.), pp. 281-294. Hoboken, NJ, Blackwell Publishing Ltd. 512 
57. Vogt B.L., Richie J.P. 1993 Fasting-induced depletion of glutathione in the aging mouse. 513 
Biochem Pharmacol 46(2), 257-263. (doi:10.1016/0006-2952(93)90412-p). 514 
58. Costantini D., Marasco V., Møller A.P. 2011 A meta-analysis of glucocorticoids as 515 
modulators of oxidative stress in vertebrates. Journal of Comparative Physiology B: Biochemical, 516 
Systems, and Environmental Physiology 181(4), 447-456. (doi:10.1007/s00360-011-0566-2). 517 
59. Georgiev A.V., Thompson M.E., Mandalaywala T.M., Maestripieri D. 2015 Oxidative stress 518 
as an indicator of the costs of reproduction among free-ranging rhesus macaques. J Exp Biol 218(13), 519 
1981-1985. (doi:10.1242/jeb.121947). 520 
60. Sharick J.T., Vazquez‐Medina J.P., Ortiz R.M., Crocker D.E. 2015 Oxidative stress is a 521 
potential cost of breeding in male and female northern elephant seals. Funct Ecol 29(3), 367-376. 522 
(doi:10.1111/1365-2435.12330). 523 
61. Morales A.E., Perez-Jimenez A., Hidalgo M.C., Abellán E., Cardenete G. 2004 Oxidative 524 
stress and antioxidant defenses after prolonged starvation in Dentex dentex liver. Comparative 525 
Biochemistry and Physiology Part C: Toxicology & Pharmacology 139(1), 153-161. 526 
(doi:10.1016/j.cca.2004.10.008). 527 
62. Schull Q., Viblanc V.A., Stier A., Saadaoui H., Lefol E., Criscuolo F., Bize P., Robin J.-P. 528 
2016 The oxidative debt of fasting: evidence for short to medium-term costs of advanced fasting in 529 
adult king penguins. J Exp Biol, jeb. 145250. (doi:10.1242/jeb.145250). 530 
63. Sorensen M., Sanz A., Gomez J., Pamplona R., Portero-Otin M., Gredilla R., Barja G. 2006 531 
Effects of fasting on oxidative stress in rat liver mitochondria. Free radical research 40(4), 339-347. 532 
(doi:10.1080/10715760500250182). 533 
64. Johnson S.L., Dunleavy J., Gemmell N.J., Nakagawa S. 2015 Consistent age-dependent 534 
declines in human semen quality: a systematic review and meta-analysis. Ageing Research Reviews 535 
19, 22-33. (doi:10.1016/j.arr.2014.10.007). 536 
19 
 
65. Shine R., Charnov E.L. 1992 Patterns of survival, growth, and maturation in snakes and 537 
lizards. Am Nat 139(6), 1257-1269. (doi:Doi 10.1086/285385). 538 
66. Friesen C.R., Squire M.K., Mason R.T. 2014 Intrapopulational variation of ejaculate traits 539 
and sperm depletion in red-sided garter snakes. J Zool 292(3), 192-201. (doi:10.1111/jzo.12092). 540 
67. Joy J.E., Crews D. 1985 Social dynamics of group courtship behavior in male red-sided garter 541 
snakes (Thamnophis sirtalis parietalis). Journal of Comparative Psychology 99(2), 145-149. 542 
68. Shine R., Phillips B., Langkilde T., Lutterschmidt D.I., Waye H., Mason R.T. 2004 543 
Mechanisms and consequences of sexual conflict in garter snakes (Thamnophis sirtalis, Colubridae). 544 
Behav Ecol 15(4), 654-660. (doi:10.1093/beheco/arh058). 545 
69. Gregory P.T. 2006 Influence of income and capital on reproduction in a viviparous snake: 546 
direct and indirect effects. J Zool 270(3), 414-419. (doi:10.1111/j.1469-7998.2007.00307.x). 547 
70. Gregory P.T. 2009 Northern lights and seasonal sex: The reproductive ecology of cool-548 
climate snakes. Herpetologica 65(1), 1-13. (doi:10.1655/0018-0831-65.1.1). 549 
71. Shine R. 1988 Parental care in reptiles. In Biology of the Reptilia (eds. Gans C., Huey R.B.), 550 
pp. 275-330. Ann Arbor, Michigan, Branta Books. 551 
72. Gregory P.T. 1977 Life history parameters of the red-sided garter snake (Thamnophis sirtalis 552 
pairetalis) in an extreme environment, the Interlake region of Manitoba Canada. Ottawa, Canada, 553 
National Museum of Canada; 1-44 p. 554 
73. Friesen C.R., Kerns A., Mason R. 2014 Factors influencing paternity in multiply mated 555 
female red-sided garter snakes and the persistent use of sperm stored over winter. Behav Ecol 556 
Sociobiol 68(9), 1419-1430. (doi:10.1007/s00265-014-1749-0). 557 
74. Friesen C.R., Mason R.T., Arnold S.J., Estes S. 2014 Patterns of sperm use in two populations 558 
of Red-sided Garter Snake (Thamnophis sirtalis parietalis) with long-term female sperm storage. Can 559 
J Zool 92(1), 33-40. (doi:10.1139/cjz-2013-0195). 560 
75. Waye H.L., Gregory P.T. 1999 Size and age structure of a population of western terrestrial 561 
garter snakes (Thamnophis elegans). Copeia (3), 819-823. (doi:10.2307/1447622). 562 
76. Waye H.L., Gregory P.T. 1998 Determining the age of garter snakes (Thamnophis spp.) by 563 
means of skeletochronology. Can J Zool 76(2), 288-294. (doi:10.1139/z97-201). 564 
77. Clesson D., Bautista A., Baleckaitis D.D., Krohmer R.W. 2002 Reproductive biology of male 565 
eastern garter snakes (Thamnophis sirtalis sirtalis) from a denning population in central Wisconsin. 566 
Am Midl Nat 147(2), 376-386. (doi:10.1674/0003-0031(2002)147[0376:RBOMEG]2.0.CO;2). 567 
78. Giraudeau M., Friesen C.R., Sudyka J., Rollings N., Whittington C.M., Wilson M.R., Olsson 568 
M. 2016 Ageing and the cost of maintaining coloration in the Australian painted dragon. Biol Lett 569 
12(7). (doi:10.1098/rsbl.2016.0077). 570 
79. Criscuolo F., Bize P., Nasir L., Metcalfe N.B., Foote C.G., Griffiths K., Gault E.A., 571 
Monaghan P. 2009 Real-time quantitative PCR assay for measurement of avian telomeres. J Avian 572 
Biol 40(3), 342-347. (doi:10.1111/j.1600-048X.2008.04623.x). 573 
80. Plot V., Criscuolo F., Zahn S., Georges J.-Y. 2012 Telomeres, age and reproduction in a long-574 
lived reptile. PLoS ONE 7(7). (doi:10.1371/journal.pone.0040855). 575 
81. Schulte-Hostedde A.I., Zinner B., Millar J.S., Hickling G.J. 2005 Restitution of mass-size 576 
residuals: Validating body condition indices. Ecology 86(1), 155-163. (doi:10.1890/04-0232). 577 
82. Ujvari B., Biro P.A., Charters J.E., Brown G., Heasman K., Beckmann C., Madsen T. 2016 578 
Curvilinear telomere length dynamics in a squamate reptile. Funct Ecol. (doi:10.1111/1365-579 
2435.12764). 580 
83. Ujvari B., Madsen T. 2009 Short telomeres in hatchling snakes: Erythrocyte telomere 581 
dynamics and longevity in tropical pythons. PLoS ONE 4(10), e7493. 582 
(doi:10.1371/journal.pone.0007493). 583 
84. Anchelin M., Murcia L., Alcaraz-Pérez F., García-Navarro E.M., Cayuela M.L. 2011 584 
Behaviour of telomere and telomerase during aging and regeneration in zebrafish. PLoS ONE 6(2), 585 
e16955. 586 
85. Pauliny A., Wagner R.H., Augustin J., Szép T., Blomqvist D. 2006 Age‐independent telomere 587 
length predicts fitness in two bird species. Mol Ecol 15(6), 1681-1687. 588 
86. White C.R. 2003 Allometric analysis beyond heterogeneous regression slopes: Use of the 589 




87. Ames B.N., Shigenaga M.K., Hagen T.M. 1993 Oxidants, antioxidants, and the degenerative 592 
diseases of aging. Proceedings of the National Academy of Sciences 90(17), 7915-7922. 593 
88. Sudyka J., Arct A., Drobniak S., Dubiec A., Gustafsson L., Cichon M. 2014 Experimentally 594 
increased reproductive effort alters telomere length in the blue tit (Cyanistes caeruleus). J Evol Biol 595 
27(10), 2258-2264. (doi:10.1111/jeb.12479). 596 
89. Bauch C., Becker P.H., Verhulst S. 2013 Telomere length reflects phenotypic quality and 597 
costs of reproduction in a long-lived seabird. In Proc R Soc B (p. 20122540, The Royal Society. 598 
90. Gao J., Munch S.B. 2015 Does reproductive investment decrease telomere length in Menidia 599 
menidia? PLoS ONE 10(5), 13. (doi:10.1371/journal.pone.0125674). 600 
91. Bronikowski A.M. 2008 The evolution of aging phenotypes in snakes: a review and synthesis 601 
with new data. Age 30(2-3), 169-176. (doi:10.1007/s11357-008-9060-5). 602 
92. Bronikowski A.M. 2000 Experimental evidence for the adaptive evolution of growth rate in 603 
the garter snake Thamnophis elegans. Evolution; international journal of organic evolution 54(5), 604 
1760-1767. (doi:10.1111/j.0014-3820.2000.tb00719.x). 605 
93. Bronikowski A., Vleck D. 2010 Metabolism, body size and life span: A case study in 606 
evolutionarily divergent populations of the garter snake (Thamnophis elegans). Integr Comp Biol 607 
50(5), 880-887. (doi:10.1093/icb/icq132). 608 
94. Palacios M.G., Sparkman A.M., Bronikowski A.M. 2012 Corticosterone and pace of life in 609 
two life-history ecotypes of the garter snake Thamnophis elegans. Gen Comp Endocrinol 175(3), 443-610 
448. (doi:10.1016/j.ygcen.2011.11.042). 611 
95. Shine R., Mason R.T. 2004 Patterns of mortality in a cold-climate population of garter snakes 612 
(Thamnophis sirtalis parietalis). Biol Conserv 120(2), 201-210. (doi:10.1016/j.biocon.2004.02.014). 613 
96. Shine R., LeMaster M.P., Moore I.T., Olsson M.M., Mason R.T. 2001 Bumpus in the snake 614 
den: effects of sex, size, and body condition on mortality of red-sided garter snakes. Evolution 55(3), 615 
598-604. 616 
97. Shine R., Olsson M.M., Moore I., LeMaster M.P., Greene M., Mason R.T. 2000 Body size 617 
enhances mating success in male garter snakes. Anim Behav 59(3), F4-F11. 618 
(doi:10.1006/anbe.1999.1338). 619 
98. Joy J.E., Crews D. 1988 Male mating success in red-sided garter snakes: Size is not 620 
important. Anim Behav 36(6), 1839-1841. (doi:10.1016/s0003-3472(88)80126-x). 621 
99. Shine R. 2003 Reproductive strategies in snakes. Proc R Soc B 270(1519), 995-1004. 622 
(doi:10.1098/rspb.2002.2307). 623 
100. Fitch H.S. 1965 An ecological study of the garter snake, Thamnophis sirtalis. Lawrence 624 
Kansas, University of Kansas Press; 493-564 p. 625 
101. Lutterschmidt D.I., LeMaster M.P., Mason R.T. 2006 Minimal overwintering temperatures of 626 
red-sided garter snakes (Thamnophis sirtalis parietalis): a possible cue for emergence? Can J Zool 627 
84(5), 771-777. 628 
102. Turbill C., Smith S., Deimel C., Ruf T. 2012 Daily torpor is associated with telomere length 629 
change over winter in Djungarian hamsters. Biol Lett 8(2), 304-307. (doi:10.1098/rsbl.2011.0758). 630 
103. Richter T., von Zglinicki T. 2007 A continuous correlation between oxidative stress and 631 
telomere shortening in fibroblasts. Exp Gerontol 42(11), 1039-1042. 632 
(doi:10.1016/j.exger.2007.08.005). 633 
104. Balaban R.S., Nemoto S., Finkel T. 2005 Mitochondria, oxidants, and aging. Cell 120(4), 634 
483-495. (doi:10.1016/j.cell.2005.02.001). 635 
105. Monaghan P., Metcalfe N.B., Torres R. 2009 Oxidative stress as a mediator of life history 636 
trade-offs: Mechanisms, measurements and interpretation. Ecol Lett 12(1), 75-92. (doi:DOI 637 
10.1111/j.1461-0248.2008.01258.x). 638 
106. Badás E.P., Martinez J., Cachafeiro J.R.D., Miranda F., Figuerola J., Merino S. 2015 Ageing 639 
and reproduction: Antioxidant supplementation alleviates telomere loss in wild birds. J Evol Biol 640 
28(4), 896-905. (doi:10.1111/jeb.12615). 641 
107. Weatherhead P.J., Brown P.J. 1996 Measurement versus estimation of condition in snakes. 642 
Can J Zool 74(9), 1617-1621. (doi:10.1139/z96-179). 643 
108. Waye H.L., Mason R.T. 2008 A combination of body condition measurements is more 644 
informative than conventional condition indices: Temporal variation in body condition and 645 
21 
 
corticosterone in brown tree snakes (Boiga irregularis). Gen Comp Endocrinol 155(3), 607-612. 646 
(doi:10.1016/j.ygcen.2007.08.005). 647 
109. Shalev I., Entringer S., Wadhwa P.D., Wolkowitz O.M., Puterman E., Lin J., Epel E.S. 2013 648 
Stress and telomere biology: A lifespan perspective. Psychoneuroendocrinology 38(9), 1835-1842. 649 
(doi:10.1016/j.psyneuen.2013.03.010). 650 
110. Robert K.A., Brunet‐Rossinni A., Bronikowski A.M. 2007 Testing the ‘free radical theory of 651 
aging’ hypothesis: physiological differences in long‐lived and short‐lived colubrid snakes. Aging cell 652 
6(3), 395-404. (doi:10.1111/j.1474-9726.2007.00287.x). 653 
111. Promislow D.E.L. 1992 Costs of sexual selection in natural populations of mammals. Proc R 654 
Soc B 247(1320), 203-210. (doi:10.1098/rspb.1992.0030). 655 
112. Shine R., Crews D. 1988 Why male garter snakes have small heads: The evolution and 656 
endocrine control of sexual dimorphism. Evolution 42(5), 1105-1110. (doi:10.2307/2408928). 657 
113. Alonso-Alvarez C., Bertrand S., Faivre B., Chastel O., Sorci G. 2007 Testosterone and 658 
oxidative stress: the oxidation handicap hypothesis. Proceedings of the Royal Society B: Biological 659 
Sciences 274(1611), 819-825. (doi:10.1098/rspb.2006.3764). 660 
114. Houben J.M.J., Moonen H.J.J., van Schooten F.J., Hageman G.J. 2008 Telomere length 661 
assessment: Biomarker of chronic oxidative stress? Free Radic Biol Med 44(3), 235-246. (doi:DOI 662 
10.1016/j.freeradbiomed.2007.10.001). 663 
115. Lerner D.T., Mason R.T. 2001 The influence of sex steroids on the sexual size dimorphism in 664 
the red-spotted garter snake, Thamnophis sirtalis concinnus. General and Comparative Endocrinology 665 
124(2), 218-225. (doi:10.1006/gcen.2001.7695). 666 
116. Behl C., Moosmann B., Manthey D., Heck S. 2000 The female sex hormone oestrogen as 667 
neuroprotectant: activities at various levels. Novartis Foundation symposium 230, 221-234; discussion 668 
234-228. (doi:10.1002/0470870818.ch16). 669 
117. Viña J., Gambini J., García-García F.J., Rodriguez-Mañas L., Borrás C. 2013 Role of 670 
oestrogens on oxidative stress and inflammation in ageing. Hormone Molecular Biology and Clinical 671 
Investigation 16(2), 65-72. (doi:10.1515/hmbci-2013-0039). 672 
118. Viña J., Borrás C., Gambini J., Sastre J., Pallardó F.V. 2005 Why females live longer than 673 
males? Importance of the upregulation of longevity-associated genes by oestrogenic compounds. 674 
FEBS Lett 12(579), 2541-2545. (doi:10.1016/j.febslet.2005.03.090). 675 
119. Van Dyke J.U., Beaupre S.J. 2011 Bioenergetic components of reproductive effort in 676 
viviparous snakes: Costs of vitellogenesis exceed costs of pregnancy. Comparative Biochemistry and 677 
Physiology Part A: Molecular & Integrative Physiology 160(4), 504-515. 678 
(doi:10.1016/j.cbpa.2011.08.011). 679 
120. Olsson M., Wilson M., Uller T., Mott B., Isaksson C. 2009 Variation in levels of reactive 680 
oxygen species is explained by maternal identity, sex and body-size-corrected clutch size in a lizard. 681 
Naturwissenschaften 96(1), 25-29. (doi:10.1007/s00114-008-0444-2). 682 
121. Seehuus S.C., Norberg K., Gimsa U., Krekling T., Amdam G.V. 2006 Reproductive protein 683 
protects functionally sterile honey bee workers from oxidative stress. Proc Natl Acad Sci USA 103(4), 684 
962-967. (doi:10.1073/pnas.0502681103). 685 
122. Ihle K.E., Fondrk M.K., Page R.E., Amdam G.V. 2015 Genotype effect on lifespan following 686 
vitellogenin knockdown. Experimental gerontology 61, 113-122. (doi:10.1016/j.exger.2014.12.007). 687 
123. Havukainen H., Münch D., Baumann A., Zhong S., Halskau Ø., Krogsgaard M., Amdam 688 
G.V. 2013 Vitellogenin recognizes cell damage through membrane binding and shields living cells 689 
from reactive oxygen species. J Biol Chem 288(39), 28369-28381. (doi:10.1074/jbc.m113.465021). 690 
124. Ballen C., Healey M., Wilson M., Tobler M., Olsson M. 2012 Predictors of telomere content 691 
in dragon lizards. Naturwissenschaften 99(8), 661-664. (doi:10.1007/s00114-012-0941-1). 692 
  693 






Figure 1: a) Age (years) and sex predicted body size (ln (snout to vent length): ln(svl)): older 698 
animals were longer and females were significantly longer than males of the same age. Open 699 
circles indicate males and solid triangles indicate females (note: for clarity with overlapping 700 
data points, male data are offset slightly to the right). The least-squares regression lines were 701 
calculated separately for females (solid line, r = 0.400) and males (dashed line, r = 0.445). b) 702 
Body condition (BCI) differed with age and sex and there was a significant sex x age 703 
interaction (P = 0.004). Females had higher BCI than males and BCI decreased with male age 704 
but not females. Open circles indicate males and solid triangles indicate females. The least-705 
squares regression lines were calculated separately for females (solid line, r = 0.015) and 706 
males (dashed line, r = -0.479). The diagonal hatched box (Age = 0.00 to 2.03), is the age-707 
range through which BCI did not differ between females and males as determined by the 708 





Figure 2: The relationship between natural log of blood telomere length and age in years was 712 
different for females (a) and males (b). (a) Age did not predict telomere length in females 713 
(Females: simple linear regression; r = 0.013, F1,29 = 0.005, P = 0.945: quadratic regression; r 714 
= 0.067, F2,29 = 0.050, P = 0.951). (b) However, in males, telomeres shorten with age, which 715 
is better fit by quadratic regression than a linear regression (test of first order = null 716 
hypothesis vs quadratic:  F2,41 = 5.538, P = 0.024: quadratic regression: r = 0.468, F2,41 = 717 
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Figure 3: Combined sex-specific body condition (standardized residuals from separate 724 
regressions of body mass given snout-to-vent length for each sex) and natural log of blood 725 
telomere length were positively correlated (r = 0.602). Females had higher BCI than males, 726 
but the relationship between BCI and telomere length was the same. Open circles indicate 727 
males, and solid triangles indicate females. The least-squares regression lines were calculated 728 
separately for females (solid line, r = 0.362) and males (dashed line, r = 0.506). 729 
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